1. Introduction
Connexins and gap junction intercellular communication in diabetic retinopathy
Gap junction intercellular communication (GJIC) is mediated by docking of connexin hemichannels on two adjacent cells to form conduits that allow communication of electrical signals between cells and the exchange of molecules that are less than 1 kD (Nielsen et al., 2012; Wright, Richards, & Becker, 2012) . GJIC plays a vital role in maintaining tissue homeostasis and regulating cell survival (Dagli & Hernandez-Blazquez, 2007; De Maio, Vega, & Contreras, 2002; Li, Mruk, & Cheng, 2012; Wei, Xu, & Lo, 2004) . Currently, twenty-one connexin isoforms have been identified in the human genome (Nielsen et al., 2012) , which are characterized on the basis of their molecular weights (Nielsen et al., 2012) . These connexins can form homomeric, homotypic, heteromeric and heterotypic gap junctions depending on the type and composition of the connexon subunits involved. Studies have identified different types of connexins that interact with each other in the eye (Vaney & Weiler, 2000) . It is also well-known that cell death is a characteristic retinal lesion in early stages of diabetic retinopathy (Chistiakov, 2011) . Studies report that connexin-mediated GJIC activities contribute to cell survival by allowing cells to exchange ions, metabolites, secondary messengers, energy molecules, glucose, ATP, and other free radical scavengers though gap junctions (Decrock et al., 2009) . These findings underscore the importance of cell-cell coupling in regulation of cell growth, differentiation, development (Kojima et al., 2008; Wei et al., 2004) and cell survival (Plotkin, Manolagas, & Bellido, 2002) . Importantly, connexin expression and subsequent GJIC activity are downregulated by HG condition contributing to retinal vascular cell loss and other retinal lesions associated with diabetic retinopathy (Fernandes, Girao, & Pereira, 2004; Li & Roy, 2009; Li, Sato, Haimovici, Okamoto, & Roy, 2003; Sato, Haimovici, Kao, Li, & Roy, 2002) . Taken together, connexins play an integral role in maintaining homeostasis of the retinal microenvironment. Therefore, defining this exact role in the context of diabetic retinopathy is of significant importance.
Connexin structure
The connexin polypeptides oligomerize into a six-subunit structure known as a connexon (Cottrell & Burt, 2005) . These connexons span from the cellular cytoplasmic space through the plasma membrane and out to the extracellular space. The two extracellular loops in Cx43 contain three cysteines, which are required for the docking of two hemichannels (Stains & Civitelli, 2005) . The resultant structure created by the two docked hemichannels is a gap junction (Cottrell & Burt, 2005; Stains & Civitelli, 2005) , which can be of four types, homomeric, heteromeric, homotypic or heterotypic as described in the next section. Schemes outlining the structure, cellular location, and docking of connexin channels are presented in Figs. 1 
Homotypic and heterotypic gap junctions
Hemichannels consisting of one connexin isoform are referred to as homomeric, while hemichannels formed from multiple connexin isoforms are referred to as heteromeric. The docking of two identical hemichannels results in a homotypic gap junction, whereas the docking of two non-identical hemichannels results in a heterotypic gap junction (Cottrell & Burt, 2005) . Both homotypic and heterotypic gap junctions are implicated in disease processes. The physiological properties of heterotypic channels in which the 12 subunits are not the same connexin, differ in their properties of intercellular communication. There are several reports of intercellular channels that are formed from heterotypic connexins including in the retina, glial cells in the CNS, cardiomyocytes, and HeLa cells (Altevogt & Paul, 2004; Guldenagel et al., 2000; Martinez, Hayrapetyan, Moreno, & Beyer, 2002; Severs et al., 2004; . In the retinal vascular cells, Cx43 is abundantly present but Cx37 and Cx40 are also expressed. In different tissues including retina, heterotypic gap junctions have been reported to be present involving Cx37, Cx40, and Cx43.
Connexin expression in different retinal cell types
Various types of connexins are expressed in the retina including Cx37 , Cx40 (Matesic, Tillen, & Sitaramayya, 2003) , Cx43 (De Maio et al., 2002) , and Cx30.2 (Manasson, Tien, Moore, Kumar, & Roy, 2013) which are associated with the retinal microvasculature. Aside from these specific vascular connexins, the other types of connexins, which are localized and distributed in different retinal cell types are summarized in Tables 1 and 2 . Of the three connexins, Cx37, Cx40, and Cx43 that are present on retinal endothelial cells and pericytes, Cx43 is the most abundant type (Janssen-Bienhold, Dermietzel, & Weiler, 1998) . Reduced GJIC in vascular cells of the retina have been shown to affect non-vascular cells such as retinal astrocytes and Müller cells. Tracer coupling assays performed in rat retinal astrocytes showed that they are not only coupled to each other but also to Müller cells (Zahs & Newman, 1997) . Therefore, reduced GJIC in vascular cells can affect non-vascular cells and thereby compromise BRB homeostasis.
Intercellular communication in the retina

Gap junctions and vascular homeostasis
The maintenance of retinal vascular homeostasis is dependent on proper GJIC activity. Studies performed in vitro (Larson, Carson, & Haudenschild, 1987) and in vivo (Oku, Kodama, Sakagami, & Puro, 2001 ) have revealed the presence of gap junctions between endothelial cells and pericytes. Several studies have established extensive GJIC in endothelial cells; however, there is limited information related to GJIC and its involvement in pericytes under HG condition (Li et al., 2003) . Studies indicate that Cx43 proteins play a critical role in maintaining GJIC activity and vascular function (Liao, Day, Damon, & Duling, 2001 ) especially as conduits for growth-modulating signals in cellular interactions during growth and development (Guthrie & Gilula, 1989; Reaume et al., 1995) .
Communication between retinal vascular cells
In the endothelium of the retinal vasculature as well as the pericytes in the abluminal surface, Cx37, Cx40, and Cx43 are expressed (Zahs & Ceelen, 2006) . However, in HG condition, no significant changes in Cx37 or Cx40 protein expression were observed in either human or bovine retinal pericytes (Li et al., 2003) . While there are various connexin isoforms, the most predominant connexin isoform expressed in the retina is Cx43 (Evans & Martin, 2002) , which plays a primary role in facilitating GJIC in the retinal vasculature. It has been shown that HG condition and diabetes downregulate Cx43 expression in retinal endothelial cells, microvascular endothelial cells, and pericytes, leading to reduced GJIC activity and ultimately retinal endothelial cell and pericyte death, a hallmarks of diabetic retinopathy (Fernandes et al., 2004; Li & Roy, 2009; Li et al., 2003; Sato et al., 2002) . Additionally, a study suggests that increased Cx43 degradation (Fernandes et al., 2004) and reduced GJIC may contribute to compromised endothelial cellular function related to BRB breakdown in diabetic retinopathy (Roy, Ha, Trudeau, & Beglova, 2010) . Our recent study has demonstrated that HG-induced downregulation of Cx43 expression and reduced GJIC may compromise expression levels of tight junction genes, occludin and ZO-1, and thereby contribute to the breakdown of retinal endothelial cell barriers (Tien, Barrette, Chronopoulos, & Roy, 2013) .
Research from our lab has also shown that HG-induced downregulation of mitochondrial Cx43 protein in retinal endothelial cells reduces Cx43-mediated GJIC activity and may contribute to mitochondrial fragmentation and the release of cytochrome c, indicating a hitherto unknown mechanism for HG-induced apoptosis in diabetic retinopathy (Trudeau, Muto, & Roy, 2012) . Another study from our laboratory has shown that connexin isotype Cx30.2 is downregulated in HG condition in rat retinal endothelial cells and subsequently reduces GJIC activity. In addition, diabetic rat retinas were also shown to exhibit lower Cx30.2 expression which was concomitant with an increase in the number of acellular capillaries and pericyte loss (Manasson et al., 2013) . More recently, we have demonstrated that diabetes-induced Cx43 downregulation promotes vascular cell loss, such as acellular capillaries and pericyte loss, and excess permeability in the diabetic rat retina (Tien, Muto, Barrette, Challyandra, & Roy, 2014) , suggesting that Cx43 not only regulates cell survival but also facilitates, at least in part, the maintenance of BRB integrity. Furthermore, the retinal microvasculature of streptozotocin (STZ)-induced diabetic rats exhibited reduced cell-cell coupling in pericytes, which was Bonilha (2014) assessed by immunohistochemical analysis of intercellular spread of neurobiotin, a gap junction-permeant tracer molecule (Oku et al., 2001) . In contrast, microvessels of insulin-treated diabetic rats showed no significant loss of intercellular communication, suggesting that hyperglycemia alone appears to be a causative factor for loss of GJIC. Overall, these findings emphasize the importance of maintaining connexin-mediated retinal vascular homeostasis in the diabetic retina.
Communication between retinal vascular cells and glial cells
It has been well established that diabetes alters the retinal vasculature. However, the retina has two major components: vascular and neuronal components. Studies have demonstrated that retinal Müller cells, the principal glial cell responsible for maintaining retinal homeostasis, astrocytes, and microglial cells are altered in diabetic retinopathy. Müller cells play a critical role in providing metabolic substrates to neurons, deactivating and facilitating recycling of neurotransmitters, thus enabling the maintenance of ion balance in the retina (Fletcher, Phipps, & Wilkinson-Berka, 2005) . Retinal Müller cells regulate degradation of glutamate and GABA (Fletcher et al., 2005) . Interestingly, Cx43 deficiency was shown to affect the expression of GLAST, which facilitates glutamate transport into Müller cells, thereby participating in promoting apoptosis (Unger, Bette, Zhang, Theis, & Engele, 2012) . Our research has shown that HG downregulated Cx43 expression in retinal Müller cells and subsequently reduced GJIC activity, leading to Müller cell loss (Muto, Tien, Kim, Sarthy, & Roy, 2014) . Importantly, HG-induced Cx43 downregulation in retinal Müller cells co-cultured with healthy pericytes led to the impairment of GJIC that ultimately contributed to apoptosis not only in retinal Müller cells but in pericytes as well, emphasizing the importance of cellcell communication via Cx43 coupling in retinal Müller cell and pericyte survival . Taken together, the survival of endothelial cells and pericytes in the diabetic retina may be influenced through GJIC activity between the vascular cells and Müller cells.
Connexins in the retinal astrocytes are also influenced by diabetes-induced insult. Retinal astrocytes facilitate retinal neuronal and blood vessel functions. A study indicated that changes in astrocytes due to retinal hypoxia developed earlier than Müller cell gliosis in the pathogenesis of diabetic retinopathy (Ly et al., 2011) . In addition, 4 weeks of streptozotocin-induced diabetes decreased Cx26 and Cx43 expression in retinal astrocytes, leading to significant astrocyte loss and reduced astrocyte processes (Ly et al., 2011) . Interestingly, rat primary astrocytes transfected with Cx43 siRNA and exposed to hydrogen peroxide exhibited a significant increase in the number of apoptotic cells compared to that of Malfait et al. (2001) cells transfected with scrambled siRNA as control, suggesting that endogenous Cx43 expression confers resistance to hydrogen peroxide-mediated apoptosis (Giardina, Mikami, Goubaeva, & Yang, 2007 ). These findings demonstrate that cell-cell communication between astrocytes is essential for their survival and may play a protective role against diabetes-induced apoptosis.
Communication between retinal neuronal cells
A few studies investigating the interaction of connexins in retinal neuronal cells such as horizontal cells, bipolar cells, amacrine cells, ganglion cells, and photoreceptor cells in diabetic retinopathy are available. However, it is well established that connexins play a key role in retinal neuronal homeostasis. In each of the five retinal neuron types, diverse connexin-mediated electrical synapses have been identified in which gap junctions play a role (Bloomfield & Volgyi, 2009) . Interestingly, ganglion cell-amacrine cell coupling is most common for GJIC involving the inner retina (Bloomfield & Volgyi, 2009) . Recent research has reported that Cx30.2, a novel gap junction protein in the retinal neurons, facilitates cell-cell coupling between retinal ganglion cell and displaced amacrine cells (Muller et al., 2010) . Although it is unknown whether expression of Cx30.2 is altered in HG condition in the retinal neuronal cells, it may be plausible since our previous study has shown that HG induces Cx30.2 downregulation in retinal endothelial cells (Manasson et al., 2013) . Additionally, a study investigated cellcell coupling of electrical synapses in ganglion cell subtypes where cellular Cx36 deletion impacted one half of the subtypes and resulted in substantial decrease in most ganglion cell-amacrine cell coupling (Pan, Paul, Bloomfield, & Volgyi, 2010) . These results indicate that Cx36 and Cx30.2 may be necessary for heterologous coupling and are important for the maintenance of cell-cell communication and exchange of electrical signaling via GJIC between amacrine cells and ganglion cells. Another study showed that cell-cell coupling between retinal amacrine cells is required for synchronized firing of action potentials of retinal ganglion cells (Kenyon & Marshak, 1998) , emphasizing the importance of GJIC activity in maintaining homeostasis in retinal neurons. These findings indicate that compromised connexin-mediated cell-cell communication in retinal neuronal activity could contribute to the pathogenesis of diabetic retinopathy. An overview of HG-induced connexin changes in the retinal vasculature and glia in the context of diabetic retinopathy is presented in Fig. 3 .
Pannexin and connexin channels
Pannexins form single-membrane channels, and one of their primary functions is apoptotic cell clearance. Connexons are hemichannels present on the cell surface and represent half of the gap junction channel. When two connexons dock, they form an active gap junction connexin channel. Like connexons, pannexins are present on the cell surface but unlike connexons, pannexins do not dock, and are functionally active on their own. A recent study reported decreased level of pannexin 1 in osteocytes exposed to HG condition and in the bone tissue of Akita mice, an animal model of type I diabetes, compared to those of wild-type mice (Seref-Ferlengez et al., 2016) . Currently, it is unknown whether retinal pannexin expression is affected by diabetes. However, recent studies examining the role of purinoceptors in diabetic retinopathy suggest the P2X receptors present in the retinal vascular cells (Kawamura et al., 2003) may play a role in mediating cytokine-induced vascular inflammatory reactions that can degrade the integrity of the BRB (Liou, 2010) . A recent study indicated that pannexin 1 level is unchanged in corneas of diabetic subjects compared to those of nondiabetic subjects (Cui, Liu, Qin, Wang, & Huang, 2016) . Currently, it is unclear whether pannexins play a role in the pathogenesis of diabetic retinopathy.
Current strategies for restoration of intercellular communication in diabetes and diabetic retinopathy
Emerging strategies, which can restore and normalize cell-cell communication are currently being investigated. Boldine, an alkaloid antioxidant with anti-inflammatory and hypoglycemic effects, has been shown to prevent HG-induced downregulation of gap junctional communication by improving gap junction-mediated cell coupling as well as increasing the relative level of Cx43 in mesangial cells (Hernandez-Salinas et al., 2013) . In addition, boldine reduced membrane permeability in mesangial cells grown in HG condition with pro-inflammatory cytokines, associated with diabetic nephropathy (Hernandez-Salinas et al., 2013) . Studies have shown that insulin treatment in diabetic rats can also prevent downregulation of intercellular communication in retinal pericytes, as determined by increased coupling of neurobiotin, a gap junction-permeant tracer (Oku et al., 2001) . trans-resveratrol, a phytoalexin found in grapes and red wine, was found to upregulate Cx43 expression and showed a protective effect against HGinduced compromised GJIC in retinal pigment epithelial cells (Losso, Truax, & Richard, 2010) , as determined by scrape-load dye transfer assay. Lycopene, an antioxidant carotenoid pigment, has shown the ability to increase GJIC by upregulating the transcription and expression of Cx43. Further research is necessary to establish the efficacy of these GJIC-restoration therapeutics in diabetic retinopathy patients.
Conclusion
In diabetic retinopathy, it is evident that cell-cell communication is compromised and their role in preserving and maintaining retinal homeostasis is undermined. Cx43 reactivity has been detected not only at the interface of vascular cell types but also between non-vascular cell types. This suggests that the HG effect on connexin can impact global interconnectivity between similar cell types in the retina and likely amongst different retinal cell types. Recent observations related to compromised cell-cell communication point not only to issues involving retinal lesions but also to hitherto unknown affects that could compromise BRB. Therefore, HG-mediated changes in Cx43 expression and GJIC activity can have profound effects on retinal cell viability and functionality. Further studies are necessary to better understand molecular mechanisms underlying connexin-mediated intercellular communication and develop strategies to prevent compromised GIIC associated with diabetic retinopathy.
